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Symmetry restoration processes during the non-equilibrium stage of \pre-
heating" after ination is studied. It is shown that symmetry restoration is
very ecient when the majority of particles created are concentrated at ener-
gies much smaller than the equilibrium temperature. In typical inationary
models the eect can be equivalent to that if the temperature of instant re-
heating would be of order of the Planck scale. This can have an important
impact on GUT and axion models.





The magnitude of the reheating temperature after ination is important (for a review of
ination see, e.g. [1]) as, for example, this will determine whether or not certain scenarios
of baryogenesis will be successful. Another important issue is the occurrence of phase tran-
sitions. If the reheating temperature is larger than the Grand Unication (or Peccei-Quinn
[2], or etc.) symmetry breaking scale, then the corresponding symmetry will be restored (for
reviews of phase transitions in Grand Unied Theories (GUT), see, e.g. [3,1]). The subse-
quent cooling will be accompanied by a symmetry breaking phase transition and in the case
of GUT the problem of monopoles [4] (domain walls [5]) will be resurrected, ruling out the
corresponding models. In the case of the Peccei-Quinn phase transition the consequences
are not that dramatic, but there could be an important impact on the subsequent evolution
too, shifting the main source of axions from a coherent misalignment angle to decaying axion
strings [6], and leading to the existence of axion miniclusters [7,8], which may be observable
[9].
Recently it was realized that in certain cases the decay of the inaton eld can be a
very fast process [10{12] (see also [13]), owing to the possibility of stimulated decays (which
is called also parametric resonance; for the general theory of it see, e.g. [14]). Parametric
resonance is not necessarily always eective. For example, it was studied long ago for the
decay of an axion eld [15,16] with the negative conclusion that the expansion of the universe
removes particles from the narrow resonance zone too quickly, blocking the entire process
(to reach stimulated decays of axions bound in a gravitational well is not impossible in
principle, but requires enormous densities of particles in this particular case [16,17]). This
means, in particular, that if the inaton potential and inaton interactions are constructed
in analogy with the axion potential, which is the case in the model of \natural" ination [18],
then the parametric resonance will be ineective (this would require the \natural" inaton
\misalignment angle" to be  2, which is impossible, and/or coupling constants to be
 1.) However, as has been demonstrated in [10], a broad parametric resonance can occur
in the case of, e.g., chaotic ination [19].
In this latter case almost all energy stored in the form of coherent inaton oscillations
is transferred instantaneously to radiation. This was dubbed \preheating" in Ref. [10].
Regardless of the fact that the successful resonance is broad, to illustrate our idea we can




where E is equal to half the inaton mass (for the case of two particle decay). Note in this
respect that the inaton mass, M , is set to be low, M  10
12
GeV, by the observed magni-
tude of primordial density uctuations. The main point which is crucial for the subsequent
discussion is that E is typically smaller by many orders of magnitude than the temperature
of instant reheating, T
rhi
, dened as the temperature which would be achieved at thermal
equilibrium neglecting the expansion of the Universe. This fact allows us to neglect the width
of the distribution in Eq. (1). In reality, the expansion will signicantly lower the tempera-
ture of the epoch when equilibrium is rst reached, T
rh
, since it takes many scattering times
for particles to scatter from p
0




. This long time needed for equilibration
also allows us to consider the time interval during which the distribution function is given
approximately by Eq. (1) as a separate epoch.




are important for the
2
question of whether a particular symmetry is restored. The corresponding phase transitions
can occur even when the system is still far from equilibrium and the distribution function
is given by Eq. (1). Moreover, in this case the symmetry restoration is much more ecient.
In fact, it can be equivalent in its strength to reheating up to the Planck temperatures!
To show this, let us calculate the eective potential for the state given by Eq. (1). We
shall start from the fact that the eective potential is minus the pressure in the system (if
two phases can coexist, the phase with the lower value of the eective potential will have
higher presure and the bubbles of this phase will eventually occupy the whole volume). The





















P . In calculating the pressure P we shall
assume that particles couple to the relevant order parameter , so that their mass depends







with g being a product of coupling
constant and some numerical factor which depends upon particular direction in the space









Note, that primary products of resonant decay necessarily have to be Bosons since stimulated
decay inherently involves Bose-statistics.
The approximation to the eective potential dened via Eq. (2) is completely reasonable.
Substituting, for example, the equilibrium distribution function f(p) = [exp(p
0
=T )   1]
 1
into Eq. (2) we recover the familiar one loop expression for the temperature dependent part
of the eective potential [20]. Multiloop corrections are neglected in (2). There can be also
some specic corrections due to non-equilibrium eects beyond the particular shape of f(p),
but Eq. (2) gives the leading approximation to the eective potential. Indeed, m = m() is
determined by forward scattering, while the distribution function is changing on the kinetic
time scale which is inversely proportional to the square of couplings.
While the eld  evolves in the eective potential, the number of particles does not









is constant which xes the constant A in Eq. (1). The procedure is very simple and









]=3E. Since for the distribution function given by Eq. (1) the energy density
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() instead of E, where 
0
is the
value of an order parameter at the end of ination, since while the eld  changes, the energy of particles
changes too, but momenta does not. This correction is unimportant at E  m
2
. We neglect it here.
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is simply " = nE, and since with the assumption of instant reheating the energy density















= 0 we recover the equation of state for massless particles, P = "=3. But " is
a -independent constant and is insignicant for us here. What we are interested in is the
coecient in front of m
2
(), which we denote B, B = "=3E
2
. This coecient is positive,
so when added to the negative mass square,  
2
, of the eld  in vacuum, leads to the





is restored at B > 
2
=2g (in the typical case of positive g; negative g is also possible, see
Ref. [3], which breaks symmetry instead).
If we were to calculate the eective potential with an equilibrium thermal distribution




=24, [20] (roughly, in Eq. (5), we would have in this case "  T
4
and E  T ). We see that the width of the distribution function is indeed insignicant, if the
width is comparable to E. We can generalize the expression for B as been given by the ratio
of particle density to the mean energy of particles. Now we can compare the eectiveness of
symmetry restoration at preheating to the instant reheating (actual reheating in expanding
universe is even less eective). In both cases the energy density is the same and is equal to
initial inaton energy density, but E  T
rhi
. The restoration of the symmetry is much more







Let us make an order of magnitude estimate for B in a typical inationary model. The
inaton eld strength at the end of ination is of order M
Pl
, so that the energy density





, where M is the inaton mass. In the case
of eective parametric resonance the energy which is transferred to particles is comparable




equivalent to a would-be reheating temperature equal to the Plank mass. From the point
of view of phase transitions the evolution eectively starts back at the Planck temperature
even after ination, with all the assets and liabilities associated with that.
However, this conclusion is not unavoidable. One very simple counter-example is a
symmetry breaking order parameter which is eectively sterile with respect to the primary
products of inaton decay. In this case one needs to include higher order corrections in
coupling constants. Secondary particles which interact with  directly can also accumulate
in the region of E  T
rhi
before equilibrium is reached. Restoration of symmetry will be
less eective, but the eect discussed in the present paper will be important too, although
requiring a more detailed study.
One example of the order parameter which denitely interacts directly with primary
particles is the inaton eld itself. The eect discussed in the present paper will cause the
inaton eld to \roll back" in the new inationary scenario (the inaton can not roll all the
way back since this process will halt its decay), the eect which was observed in the detailed
numerical simulations of Ref. [12].
Let us consider the axion case. Particles which interact with the Peccei-Quinn eld can















GeV is axion decay constant which denes the Peccei-Quinn symmetry
breaking scale. This means that the inaton can decay right into the rst instability zone
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, which is rather weak condition.
In the case of symmetry breaking with a high magnitude of its scale M
X
, the inaton
might not decay into the lowest instability zones; this happens if m()  M . However,
since the resonance is wide, it will decay in higher zones [10]. For that case we obtain
B  MM
Pl










needs detailed knowledge of the distribution function f(p) and coupling constants, however.
One of the advantages of our approach to the calculation of the eective potential being
based on Eq. (2) is that it allows us to nd how the coecient B changes when the distri-
bution function evolves according to the kinetic equation [21], approaching an equilibrium.
The eect discussed is the present paper can be important not only during post-



















signicantly deviates from the eective potential in thermal equilibrium.
When this work was already nished I became aware of Ref. [22] where similar conclusions
were reached.
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